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Structure of rat procathepsin B: model for inhibition of cysteine
protease activity by the proregion
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Background: Cysteine proteases of the papain superfamily are synthesized as
inactive precursors with a 60–110 residue N-terminal prosegment. The pro-
peptides are potent inhibitors of their parent proteases. Although the proregion
binding mode has been elucidated for all other protease classes, that of the
cysteine proteases remained elusive.
Results: We report the three-dimensional structure of rat procathepsin B, deter-
mined at 2.8 Å resolution. The 62-residue proregion does not form a globular struc-
ture on its own, but folds along the surface of mature cathepsin B. The N-terminal
part of the proregion packs against a surface loop, with Trp24p (p indicating the
proregion) playing a pivotal role in these interactions. Inhibition occurs by blocking
access to the active site: part of the proregion enters the substrate-binding cleft in
a similar manner to a natural substrate, but in a reverse orientation. 
Conclusions: The structure of procathepsin B provides the first insight into the
mode of interaction between a mature cysteine protease from the papain
superfamily and its prosegment. Maturation results in only one loop of cathepsin
B changing conformation significantly, replacing contacts lost by removal of the
prosegment. Contrary to many other proproteases, no rearrangement of the
N terminus occurs following activation. Binding of the prosegment involves
interactions with regions of the enzyme remote from the substrate-binding cleft
and suggests a novel strategy for inhibitor design. The region of the prosegment
where the activating cleavage occurs makes little contact with the enzyme,
leading to speculation on the activation mechanism. 
Introduction
Cysteine proteases represent a major component of the
lysosomal proteolytic repertoire and play an important role
in intracellular protein degradation [1]. They have also
been implicated in proteolysis occurring within the endo-
somal system, in particular during antigen processing [2]
and are thought to play an extracellular role in several
physiological and pathological conditions, notably bone
resorption [3], tumor invasion and metastasis [4] and carti-
lage degradation in arthritis [5]. The role of cysteine pro-
teases in pathological conditions makes them important
targets for inhibitor development. Although highly potent
inhibitors are known, their major drawback is a lack of
sufficient specificity to allow the targeting of a particular
cysteine protease.
As is the case with essentially all proteases [6], the lysosomal
cysteine proteases are produced as inactive precursors due
to the presence of an additional N-terminal segment that
has been shown to act as a potent, pH-dependent inhibi-
tor ([7,8]; E Carmona, et al., & R Ménard, unpublished
data). The propeptide has also been shown to be essential
for the correct folding of some cysteine proteases [9] and
for their stabilization upon exposure to neutral or alkaline
pH environments [10]. A similar chaperone role of the
propeptide in the folding of the enzyme has been
observed for serine proteases [11]. In the case of cysteine
proteases, cleavage and dissociation of the propeptide
with concomitant activation of the protease occurs as the
result of autoprocessing under acidic conditions [12–14].
In vivo this takes place as the newly synthesized pro-
enzyme is routed from the Golgi apparatus to the lyso-
some. It is not yet clear if the processing in vivo is an intra-
or intermolecular event although processing in vitro can be
achieved by intermolecular events [14,15]. 
Cathepsin B (catB) is one of the most studied of the lyso-
somal cysteine proteases. Unlike most other enzymes of
this family it exhibits both endopeptidase and exopepti-
dase activities. In addition to cleavage within the peptide
substrate, catB can also remove dipeptide units from the
C terminus (peptidyldipeptidase activity [16]). It has been
shown recently that the exopeptidase activity is depen-
dent on the presence of a specialized structural element,
the occluding loop, which accepts the negative charge of
the P2′ carboxylate (JSM, in preparation).
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CatB belongs to the papain superfamily and shows high
homology to cathepsins L, S and O, papain and actinidin,
among others [17]. This superfamily encompasses a large
number of cysteine proteases from sources as diverse as
bacteria, plants and mammals. Recently it has become
clear that these enzymes can be divided into two sub-
families based, in part, on the length of their proregions
[18]. Thus, while the majority of cysteine proteases 
have a prosegment on the order of 100 residues, catB 
and its homologs have a much shorter, ~60-residue 
prosegment. It has been shown for catB that the pro-
segment is a powerful inhibitor of the enzyme’s proteo-
lytic activity and that this inhibition is highly specific
towards catB, with a much lower activity against other
related cysteine proteases [7]. 
Crystallographic studies have demonstrated the structural
basis for the inactivation of serine [19,20], aspartic [21] and
metalloproteases [22,23] by their prosegments and have
underlined the diverse means by which the proenzymes
achieve the same goal. For cysteine proteases in general,
and for cysteine proteases from the papain superfamily in
particular, such structural data are currently lacking. The
length of the prosegment of catB, 62 residues, indicates
that it could form a globular structure that folds indepen-
dently of the rest of the enzyme. However, solution stu-
dies by NMR spectroscopy of synthetic peptides
corresponding to the entire propeptide, as well as various
shorter fragments of the proregion, have shown that these
peptides possess very little ordered structure, but that
some a-helical segments form upon binding to the mature
cathepsin B (F Ni, personal communication). 
The mature enzyme, catB, is structurally very well charac-
terized [24]. The structures of this enzyme of human and
rat origin complexed with various inhibitors have been
determined [25,26] and the substrate-binding subsites
have been mapped. Here we present the three-dimen-
sional structure of recombinant, inactive mutant of rat pro-
cathepsin B at 2.8 Å resolution. The Cys29→Ser mutation
was introduced to reduce the problems of autoprocessing
and this mutant was crystallized. We describe the 
conformation of the proregion, delineate its interaction
with the rest of the molecule and identify the potential
determinants of its specificity. 
Results and discussion
Throughout the text the residue number for the proseg-
ment is followed by a lower case letter p and the following
residues are numbered as in mature enzyme, for example
the last residue of the prosegment is Asn62p and the catB
sequence starts with Leu1. We will use the term proregion
or prosegment interchangeably and will refer to the mature
part of the proenzyme simply as catB. The sequence of the
prosegment is presented in Figure 1a and a stereodiagram
of procathepsin B is shown in Figure 1b. The view of the
molecular surface of catB with the Ca trace of the proseg-
ment is shown in Figure 2. The part of the proenzyme
corresponding to catB, residues 1–254, is well defined in
the electron-density map. Its fold is the same as that of the
mature rat enzyme [26]. The structural differences are rela-
tively small, with the exception of one region, the so called
occluding loop (see below). The protein consists of two 
domains, one of them is composed mostly of b sheet and
the other contains several a helices and a small b-sheet
406 Structure 1996, Vol 4 No 4
Figure 1
(a) The amino-acid sequence of prosegment
of rat procathepsin B, residues 1p–62p,
represented in one-letter code, followed by the
beginning of the mature sequence (italics).
Secondary structural elements are marked
above the sequence. (b) Stereoview of the Ca
trace of procathepsin B. The prosegment and
C-terminal extension are shown in thicker lines.
Catalytic residues Ser29 (Cys), His199 and
Asn219 are shown in full. (Figure was
prepared with the program MOLSCRIPT [47].) 
structure [27]. The active-site triad, Cys29–His199–Asn219,
and the substrate-binding site are located at the interface
between the two domains. The procathepsin B gene codes
for a protein with six additional residues at the C terminus
compared with catB. These residues are removed during
the maturation process, together with the proregion. Their
role, if any, in the normal functioning of procathepsin B is
unknown. In the crystal structure they are well defined
and form a somewhat distorted two-turn a helix extending
along the direction of a preceding b strand. 
The proregion
The first nine N-terminal residues of the proregion are not
well defined in the electron-density maps in either of the
two molecules in the asymmetric unit, although there 
is some scattered density in this region. Non-crystallo-
graphic symmetry averaging did not improve the density
for these residues, indicating that the N terminus is disor-
dered and mobile in the crystal. The remaining part of the
proregion has no globular structure on its own (Fig. 3a),
but folds over catB. In this respect, the prosegment is
similar to the 44-residue-long prosegment of pepsinogen,
which also has very little secondary structure and extends
along the surface of the protein [21,28]. 
The N terminus of the proregion folds into a hairpin
structure formed by a three-turn a helix (a1p; residues
11p–20p), a tight bend (21p–23p) and a strand of extended
polypeptide chain (b1p; 24p–28p) running antiparallel to
the helix (Fig. 3a). The small hydrophobic core of this
supersecondary structural element is formed by two
isoleucines, Ile14p and Ile17p, along one side of the helix,
and Trp24p and Ala26p from the b1p strand (Fig. 3b).
The aliphatic part of the Arg28p side chain also con-
tributes to this hydrophobic core and packs against Ile14p.
The electron density of this arginine is weak, especially at
the tip, indicating a partial disorder with a possibility of a
weak salt bridge with Asp11p. This hairpin binds to catB
on the opposite side of the enzyme to the location of the
N terminus of the mature enzyme (Fig. 1b). 
The hairpin is connected, through a loop, to a short two-
turn a helix (a2p; 35p–41p), which forms an anchor,
attaching to the S′ side of the active site, that helps fasten
the polypeptide chain to the substrate- binding cleft. The
prosegment dips into the cleft and re-emerges on the S
side. The propeptide is accommodated in the binding-site
cleft very much like the complexes between enzymes and
peptidyl inhibitors studied so far, which are thought to
represent the substrate-binding mode. But, importantly
the propeptide follows the cleft in a reverse direction to
that of natural substrates (see below).
From the substrate-binding site the prosegment follows
along the surface of the protein towards Leu1, the N-ter-
minal residue of catB (Fig. 1b). The electron density
corresponding to the last part of the proregion is less well
defined than in other regions and some side chains have
not been located in the map, indicating an increased
mobility of this region, resulting from a limited number of
interactions with catB. 
Proregion–catB interactions
With the exception of a disordered N terminus, almost the
entire length of the proregion interacts with catB. Never-
theless, the majority of close contacts with catB are pro-
vided by residues 13p–47p. CatB residues in contact with
the proregion are located within three major areas: a large
176–194 surface Ω-loop (prosegment-binding loop or
PBL), a crevice between the occluding loop (108–122) and
one side of PBL, and the substrate-binding cleft. The
association of the proregion with catB involves a large
contact area: 1950 Å2 of the proregion surface and 2090 Å2
of the catB surface is buried in the complex. 
Prosegment-binding loop 
The main interactions of the prosegment occur with
residues from the PBL. The center of this loop, occupied
by two aromatic side chains, Tyr183 and Tyr188, forms 
a depression on the surface of catB. These aromatic 
residues are part of a larger aromatic cluster that contains, 
in addition, Phe174, Phe180, Trp221, Trp225 and 
Phe231, forming a typical herring-bone-like pattern. The
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Figure 2
Molecular surface of the mature portion of procathepsin B with the
prosegment shown as a worm representation. The view is toward the
active site. (The figure was prepared using GRASP [48].)
prosegment interacts with PBL via the hairpin element,
directing the b1p strand towards one side of this loop and
the a1p helix towards the other. This orientation positions
the side chain of Trp24p directly in the center of the
depression, in such a way that it forms an additional
member of the above mentioned aromatic cluster (Fig. 4).
This residue alone provides ~100 Å2 of contact area. In
addition, the Ne1 of this tryptophan forms a hydrogen bond
to the carbonyl of Lys189. The b1p strand forms a short,
distorted b sheet with an extended Thr182–Val187 stretch
with five hydrogen bonds between the main chain atoms
(Fig. 4a). Additionally, the side chain of Thr23p is also
hydrogen bonded to the carbonyl of Val187. The associa-
tion between the hairpin and catB shields many hydropho-
bic residues from the solvent. Apart from Trp24p, these
include Met13p (45 Å2 of buried surface), Ile17p (39 Å2),
Thr23p (65 Å2, hydroxyl group pointing out) and Ala26p
(16 Å2). The total surface area of the 12p–28p fragment
buried by association with catB is 451 Å2. The correspond-
ing buried area of catB is 446 Å2. Propeptides truncated at
the N terminus provided valuable insight into the con-
tribution of the N-terminal residues to the inhibitory prop-
erties of the propeptide. It was shown that a removal of up
to twenty residues has relatively little effect on the Ki value
(T Fox, E de Miguel, SV Nymark, JSM and ACS, unpub-
lished data; ACS, unpublished data). Similarly, it was
shown that Trp24p plays a pivotal role in binding of the
hairpin. Its replacement by alanine increased Ki by more
than two orders of magnitude (ACS, unpublished data). 
A comparison with the structure of rat catB [26] shows that
the removal of the proregion during the activation step has a
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Figure 3
All-atom representation of the prosegment.
a helices and b sheets are marked.
(a) Stereoview of a ball-and-stick
representation of the prosegment. (b) The
N-terminal hairpin: side chains forming the
hydrophobic core are drawn in dark lines. (The
figure was prepared using MOLSCRIPT [47].)
minimal effect on the conformation of the PBL. The differ-
ences are only small shifts (less than 1 Å) of the main chain
for residues 189–194, a rotation of Glu191 side chain and
~30° rotation of the aromatic ring of Tyr188 to facilitate
interaction with Trp24p. In the crystals of mature catB
some ordered solvent molecules have been identified near
the surface that in procathepsin B forms an interface with
the proregion hairpin. Very few such molecules are near the
center of PBL, reflecting a rather hydrophobic character of
this region. Interestingly, solvent molecules in the catB
structure were located close to the positions taken by the car-
bonyl oxygen of Ala25p, the hydroxyl of Tyr16p and the tip
of the Asn29p side chain in the structure of procathepsin B. 
Occluding-loop crevice 
The second important area of interaction is the crevice
formed by the occluding loop (108–122) on one side, part
of PBL on the other side, and the 221–226 loop at the base
(Fig. 5). The tip of the occluding loop is more mobile than
the rest of the loop and the side chain of Arg116 is disor-
dered. At Tyr31p–Asn32p, the prosegment changes direc-
tion by almost 90° and enters the interface between the
two domains of catB. Residues 29p–40p, which include
most of the a2p (35p–41p) helix, are wedged between the
occluding loop and residues 176–184 from the PBL loop.
In addition, the b strand 196–199 also participates in these
contacts. There are eight hydrogen bonds between the
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Figure 4
Interactions of the N-terminal hairpin with the
prosegment-binding loop (PBL, residues
176–194). Hydrogen bonds are shown as
dashed lines. (a) A detailed view, prepared
using MOLSCRIPT [47]. (b) GRASP created
surface of the PBL with the prosegment
shown as a backbone worm. The side chain of
Trp24p, centrally located on the PBL surface,
is shown in full.
prosegment and the occluding loop. Three of them are
between main chain atoms and occur at opposite ends of
the occluding loop: NTyr31p...OHis110, OAsn32p...NCys119 and
NAsp34p...OCys119. The remaining are between the side
chains of Tyr37p and His110, between Asn32p and Asn13,
and between Thr120 and two other groups: Asp34p and
Ser36p. His111, which appears to play an essential role in
the exopeptidase activity of catB [25] (JSM, unpublished
data), is located on the solvent exposed side of the loop
and points away from the active site. Two aromatic side
chains of the prosegment, Phe30p (61 Å2) and Tyr37p (87
Å2), are buried in a hydrophobic environment near the
bottom of the crevice and form an aromatic cluster
together with His110, Trp221 and Trp225 of catB. The
rings of His110 and Phe30p are nearly coplanar, with some
degree of stacking between them. Val33p (22 Å2) and
Leu38p (45 Å2), as well as Leu41p (77 Å2) from the last
turn of the a2p helix, contribute to this hydrophobic envi-
ronment. The total buried surface is ~610 Å2 for this part
of the prosegment and the corresponding surface on catB
is ~710 Å2. The two basic residues, Lys39p and Lys40p,
are on the surface of the protein and are exposed to the
solvent. They make weak hydrogen bonds to the carbonyl
groups of nearby residues of catB. 
Substrate-binding cleft
The third major contact region is within the substrate-
binding cleft and involves residues Leu41p to Gly47p of
the proregion. They adopt an extended conformation and
contact residues from the bottom and sides of the cleft
(Fig. 6). This part of the proregion is largely shielded from
the solvent; only 25% of its surface is solvent accessible.
The direction of the polypeptide chain is opposite to that
expected for natural substrates, as extrapolated from the
structures of various covalent peptidyl inhibitors bound to
catB [25,26] and papain [27] and implied from observed
specificity changes caused by mutations of the S2-subsite
residues [29,30]. This ‘reverse’ binding mode has only been
observed previously in the metalloprotease prostromelysin
[23], whereas for all other proteases whose proform struc-
tures are known ([20–22], for example) the prosegments
occupy the substrate-binding sites in the same orientation
as natural substrates. This ability to bind polypeptides to
the same binding site in two opposite orientations is not
unique to the active sites of proteases but has also been
reported for SH3 domains [31].
Although the prosegment chain follows the substrate-
binding cleft backwards, the S1, S2 and S1′, S2′ subsites,
identified previously for catB [24–26], are nevertheless
occupied by the prosegment’s side chains in a manner that
corresponds to the assigned subsite specificity. Leu41p (77
Å2 buried area) extends into the S2′ subsite and contacts
residues Trp221 and His110 from catB. Its carbonyl oxygen
is hydrogen bonded to the oxyanion-hole-forming residue,
Gln23, and to Ne1 of Trp221. Subsite S1′ is occupied by
the side chain of Cys42p (60 Å2) which interacts with many
hydrophobic residues: Val176, Leu181, Met196, Gly197,
Gly198 and Trp221. The carbonyl group of this cysteine is
the closest to the oxyanion hole but the oxygen points away
from it (Fig. 6). This side chain has a significant contribu-
tion to the binding of a propeptide. Its replacement by ala-
nine or serine results in two orders of magnitude increase in
Ki (ACS, unpublished data). The residue nearest to Ser29
(active site) is Gly43p. This residue penetrates deeply into
the binding pocket, forms a hydrogen bond to the main
chain NH of Trp30 and is also in close contact with Gly27.
As we used a Cys29→Ser mutant, we observe additional
weak hydrogen bonds from OgSer29 to OGly43p and NGly43p.
Replacing Gly43p with any other residue requires changes
in the position of the prosegment in this region because of
the close contacts of the Ca atoms of Gly43p and Gly27.
Thr44p occupies the S2 subsite known to be the major
specificity determinant for the proteases of the papain
family. This residue is in the vicinity of Ala200, the 
main chain of His199 and Cb of Trp30 and its Og forms
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Figure 5
Contacts between the prosegment and catB
within the occluding-loop crevice. Hydrogen
bonds are shown as dashed lines. The
prosegment is drawn in dark lines. (Figure
was created using MOLSCRIPT [47].)
hydrogen bonds with OgSer29 and NAla200. Thr44p fills only
part of the available space, consistent with the enzyme’s
preference for a substrate with either a phenylalanine or an
arginine in this position. Val45p points toward the solvent
and fits into the crevice between the Tyr75 side chain and
Gly73–Gly74 and its NH group forms a hydrogen bond
with the carbonyl of Gly74. The next residue, Leu46p,
occupies a shallow pocket delimited by Gly198, the main
chain of Phe174 and Thr175 and the aliphatic part of the
Glu245 side chain. Finally, Gly47p emerges on the surface
of catB and forms a hydrogen bond with the side chain of
Glu245. The latter residue is known to form a salt bridge
with those substrates that contain an arginine in the P2
subsite [26]. The total buried area of this segment is 400 Å2. 
The oxyanion hole, flanked ordinarily by the NH of Cys29
and Ne2 of Gln23, which both form hydrogen bonds to the
oxyanion, is left empty in the proenzyme. The NSer29 does
not form any hydrogen bonds, but the Ne2Gln23 forms two
hydrogen bonds, to the main chain carbonyls of Lys40p
and Leu41p, at the edge of the oxyanion hole. 
Although, as indicated above, the propeptide contacts
several residues lining the active site, modification of
many of these positions, specifically Gln23, Gly73, His110
and Glu245, did not significantly effect inhibition by the
propeptide (T Fox, E de Miguel, SV Nymark, JSM and
ACS, unpublished data). 
C terminus of the prosegment. 
Beyond residue 48p the prosegment lies on a relatively
flat surface of catB and makes fewer contacts with the
enzyme. This part of the prosegment seems to act mostly
as a physical linker between the tight-binding portion of
the prosegment and catB. It is more mobile, particularly
residues 55p–61p, than the central part of the prosegment
and does not contribute significantly to the specificity of
interactions. The hydrogen bonds with catB are formed
mainly by the main chain atoms of residues 51p to 54p. Of
the charged side chains, only Arg54p forms a weak salt
bridge (to Glu163). The side chains of Glu59p and Asp60p
face the solvent and are disordered. The relatively small
contribution of the C-terminal portion to the inhibitory
capabilities of a free propeptide was shown by the fact that
the truncation from the C terminus to residue 46p had
only a modest effect on the Ki (T Fox, E de Miguel,
SV Nymark, JSM and ACS, unpublished data). 
Comparison with the E-64 complexes
Of the various peptidomimetic inhibitors of papain-like
cysteine proteases, a very potent but relatively non-selec-
tive inhibitor, E-64 (L-3-carboxy-2,3-trans-epoxypropionyl-
leucyl-amino(4-guanidino)butane), is known to bind in the
active site in a reverse orientation to that of natural sub-
strates. As shown by the structure of procathepsin B, E-64
actually mimics the mode of binding of the prosegment.
The structures of E-64 complexes with actinidin [32],
papain [33] and a complex formed between an E-64 deriva-
tive, E-64c, and papain [34,35] suggest that these inhibitors
bind to all cysteine proteases from the papain superfamily
in a similar fashion. In Figure 7 we have superimposed
actinidin–E-64 and procathepsin B to display relative posi-
tions in the substrate-binding site of the E-64 and a corres-
ponding Cys42p–Val45p fragment of the prosegment. It is
apparent that, although the side chains protrude into the
same pockets, their interactions with the enzyme are not
exactly the same. The two molecules are shifted within the
binding site by approximately one bond length (~1.5 Å).
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Figure 6
Interactions between the prosegment and
catB within the substrate-binding cleft.
Dashed lines indicate hydrogen bonds. The
prosegment is shown in dark lines.
This is emphasized by the hydrogen bond pattern to an
invariant residue in papain-like cysteine proteases, Gly74:
E-64 forms two hydrogen bonds to Gly74 using the NH
and C=O groups of the main-chain atoms flanking the
leucine occupying the S2 site. These two hydrogen bonds
to Gly74 also characterise substrate-like inhibitors despite
a reversal of direction of the polypeptide chain [33]. In the
proenzyme the S2 site is occupied by Thr44p. The equiva-
lent hydrogen bond to the C=O group of Gly74 is formed
by Val45p, whereas the carbonyl of Gly43p is shifted too
far from the NH of Gly74 to form a hydrogen bond.
Instead, it makes hydrogen bonds to the NH of Trp30 and
to the Og of Ser29. The second significant difference be-
tween E-64 and the prosegment is that in the E-64
complex the oxyanion hole is occupied by a carbonyl oxy-
gen but it is empty in procathepsin B. These differences
may be related to a change of S2 subsite occupant: leucine
in E-64 to threonine in the prosegment. The latter,
Thr44p, which is involved in two hydrogen bonds, one of
them to the Ser29 side chain, is shifted towards the edge of
the S2 subsite, in the direction of the active site. Ser29
forms two additional hydrogen bonds to Gly43p. Whether
the observed positioning of the prosegment in the binding-
site cleft is affected by the Cys29→Ser mutation or reflects
the known fact that for the binding in the reverse mode the
type of side chain occupying the S2 subsite is less crucial
[36], remains unclear. It appears, however, that binding in
the reverse mode allows more flexibility than binding in
the substrate-binding mode. 
Conformational changes during proenzyme activation
Occluding loop
Comparison of the structure of mature rat catB [26] with
the equivalent portion of the procathepsin B provides
information about the nature of conformational changes
that occur upon activation. The examination of distances
between the equivalent atoms after superposition of the
two molecules shows that significant differences only
occur within the 105–125 region. This is the occluding
loop, characteristic of catB and a small number of proteins
from the same subfamily but not present in the majority of
cysteine proteases [17]. When the prosegment is removed
in the course of the activation process approximately 400
Å2 of the occluding loop surface becomes exposed and the
structural support for this loop largely disappears. The
loop refolds to a conformation observed in the mature catB
(Fig. 8). The middle of the loop is fastened by a disulfide
bridge, Cys108–Cys119. The cysteines act as main pivot
points for the motion of the loop, which can be best
described as twisting the top portion of the loop around an
axis parallel to the strands of the bottom part of the loop.
This motion shifts the main chain of the central part of the
loop by as much as 10 Å. The largest displacement is that
of the side chain of His111, the tip of which moves over 14
Å, with a simultaneous large movement of His110. 
The occluding loop is crucial for the exopeptidase activity
of catB. A mutant with this loop deleted shows nearly
wild-type level of endopeptidase activity but greatly dimin-
ished exopeptidase activity (JSM, unpublished data).
Within this loop the two histidines, His110 and His111,
were predicted to be involved in binding of the C-terminal
carboxylic group of the substrate [25]. This was based on the
crystal structure of the complex of human cathepsin B and
the CA030 inhibitor, which was proposed to simulate the
binding of an exopeptidyl substrate. The critical role of the
histidines for the exopeptidase activity has been confirmed
by site-directed mutagenesis (JSM, unpublished data).
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Figure 7
Superposition of the actinidin—E-64 complex
and procathepsin B. This close-up of the sub-
strate-binding cleft shows similarities in the
binding mode between the E-64 inhibitor and
the prosegment. Actinidin is shown in thin
open lines, E-64 in thick open lines, catB in
thin full lines and the prosegment in thick full
lines. Hydrogen bonds are shown as dashed
lines.
The hydrolysis of a small peptidyl substrate may proceed
without reorganization of the occluding loop in the mature
enzyme; however, the structure of procathepsin B sug-
gests that for a protein substrate to be able to approach the
active site the occluding loop has to move away. A similar
hypothesis was postulated previously with regard to
binding of cystatins to catB, namely that it has to be asso-
ciated with a conformational change of the occluding loop
[24]. If this is the case, does the occluding loop in the cys-
tatin–catB complex assume the same conformation as that
observed in the proenzyme structure? To answer this
question one has to analyze the interactions that stabilize
the observed conformations. The ‘closed’ conformation
observed in catB forms many such contacts. His110 stacks
against Trp221 and makes a hydrogen bond with Asp22;
His111 is in close contact with Leu181, and Val112 with
the backbone of Asp224 and Trp225. Additionally, Arg116
forms a salt bridge with Asp224. There are also many con-
tacts between residues within the loop itself, creating a
compact structure. In contrast, in the ‘open’ conformation
observed in procathepsin B the structure of the top
portion of the loop is much less compact and there are
only a few contacts to catB, made by His110 and His111.
The interactions that stabilize the observed open confor-
mation are those with the prosegment; the shape of the
occluding loop reflects the shape of the prosegment rather
than an internally stable structure of the loop itself. While
the conformation of the occluding loop in catB represents
a conformation stabilized by interactions with the rest of
the protein and relevant for its exopeptidase activity, that
in the proenzyme is likely to represent one of many possi-
ble conformations that can be adopted by this loop with
protein substrates. Thus, there seems to be no support for
the hypothesis that there is only one open conformation of
the occluding loop; rather, binding of the substrate causes
switching from a single closed conformation to an open
state in which the exact conformation depends on the sub-
strate itself. Reorganization of this loop during substrate
binding is likely to consume some of the binding energy
and may account for the low endopeptidase activity of
catB. This is supported by the findings that the inhibition
of catB by peptides corresponding to parts of the proseg-
ment is adversely affected by the presence of the occlud-
ing loop. When this loop is removed the Ki decreases by
one order of magnitude (ACS, unpublished data) which
indicates that forcing the ‘opening’ of the occluding loop
is costly in energetic terms and that this is not offset by
the interactions with the propeptide. 
N terminus 
Crystallographic studies of the proforms of various pro-
teases showed that in the maturation process, during which
the prosegment is removed, the N terminus of the mature
enzyme very often reorganizes and moves from a few to
over 40 Å [11,21,23]. Papain-like cysteine proteases from
the cathepsin B subfamily display a different behaviour.
Comparison of the structures of procathepsin B and catB
clearly shows that the catB N terminus is in the same posi-
tion as observed in the proenzyme. Thus, activation and
cleavage at the amino side of Leu1 does not lead to a re-
arrangement near the cleavage site and does not affect the
conformation of the polypeptide chain. In this respect, pro-
cathepsin B is similar to zinc procarboxypeptidases A and B:
activation also does not disturb the conformation of the
newly created N terminus in these enzymes [37]. As the
superposition of 3D structures of other cysteine proteases
from the papain superfamily shows that positions and con-
formations of their N termini are well conserved, this lack of
rearrangement may be characteristic not only for the cathep-
sin B subfamily but also for other papain-like proteins. 
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Figure 8
Comparison of the conformation of the
occluding loop in procathepsin B (filled lines)
and in the mature enzyme (open lines).
Catalytic triad residues are shown. His110,
His111 and Pro117 side chains are shown in
full in medium lines and the Cys108–Cys119
disulfide bridge is shown in thin lines.
Mechanism of activation
The structure of the procathepsin B provides a basis for
speculation on the activation mechanism. The C-terminal
portion of the proregion, residues p54–p62, is well ex-
posed to the solvent and is significantly more mobile
(higher B factors) than the other parts of the proregion
(with the exception of the N terminus). Some of the side
chains in this C-terminal region are also poorly defined.
Such an organization provides a processing protease with
easy access to this region. Indeed, in vitro processing of
the Cys29→Ser inactive procathepsin B mutant by
various proteases showed that the cleavage occurs in this
region, the precise site reflecting the specificity of the
particular protease [15]. Although the cleavage can occur
at neutral pH, the propeptide does not dissociate until the
pH is lowered. 
The activation, both in vivo and in vitro, is triggered by
acidic pH. A simplistic explanation — lowering the pH
causes protonation of some acidic groups with a concomi-
tant weakening of salt bridges and/or hydrogen bonds
between the prosegment and catB — is not supported by
the structure of procathepsin B. Out of 35 hydrogen bonds
between the prosegment and catB, 13 are of C=O...HN
type and only five involve acidic groups, some of which
could still be maintained in a protonated state. The pros-
egment contains seven acidic residues: Asp2p, Asp11p,
Asp12p, Asp34p, Glu53p, Glu59p and Asp60p. Aspartate
side chains are on the surface of the protein and make no
hydrogen bonds. As the 6p–51p propeptide shows similar
pH dependence of inhibition (T Fox, E de Miguel, SV
Nymark, JSM and ACS, unpublished data) to the whole of
the prosegment, three of these acidic groups cannot con-
tribute significantly to the observed behavior. Further-
more, the replacement of remaining aspartates by
asparagines, in a synthetic propeptide, did not modify the
pH dependence of its binding constant relative to the
wild-type sequence (T Fox, E de Miguel, SV Nymark,
JSM and ACS, unpublished data). Glu53p does not form a
salt bridge and it seems unlikely that this side chain is re-
sponsible for the pH sensitivity. As no specific interactions
can be pinpointed it seems likely that the observed effect
results from many small contributions. We would like to
postulate the following picture of the activation. The role
of the acidic pH is to loosen up the structure of the protein
and increase the mobility of the prosegment. The first
cleavage occurs in the 55p–62p region, and the loosely
dangling ends are clipped away in subsequent steps. The
now C-terminal part of the prosegment blocking the
active-site liberates itself and is removed by cleavage. The
binding of the remaining peptide becomes progressively
less tight, eventually leading to the peptide falling off the
enzyme. This hypothesis can not be validated solely from
crystallographic data. NMR spectroscopy provides ideal
tools for this purpose and will be employed to study
further the pH-triggered activation process. 
Selectivity of the propeptide
Biochemical data on the specificity of the catB propep-
tide is rather limited. It has been shown that a synthetic
propeptide, corresponding to the 1p–56p fragment of pro-
cathepsin B, inhibits catB with Ki=0.4 nM but is ineffec-
tive against cathepsin L, S and papain (Ki in mM range)
([7]; T Fox, E de Miguel, SV Nymark, JSM and ACS,
unpublished data). Similarly, although the propeptide
corresponding to the prosegment of procathepsin L is a
nanomolar inhibitor of cathepsin L, it inhibits catB at
least 104 times less efficiently; (E Carmona et al., &
R Ménard, unpublished data). However, it remains to be
determined if the proregions show specific recognition
within the family of closely related catB-like proteases.
Without a detailed knowledge of the structure of the
proregion from members of the papain superfamily with
longer prosegments (e.g. propapain, procathepsin L), it is
rather speculative to try to identify the key factors that
determine the specificity of the prosegment. However, if
there is any similarity in the binding mode of the papain
prosegment (relative to that of catB) in the active-site
cleft, the prosegment will interact with the area corre-
sponding to the occluding-loop crevice of catB. A
comparison of these two proteases shows two significant
structural differences in that region. The first is within
the occluding loop, which has a long insertion in catB-like
proteases; the second is in a very different path of the
residues, 190–198 (catB), the rim of the PBL loop.
Although the occluding loop is not essential for binding,
as was shown by the occluding-loop-free mutant (JSM,
unpublished data), the proregion of procathepsin B inter-
acts with all of the 190–198 residues. Importantly, as they
form one side of the occluding-loop crevice, they also
determine the surface shape to which the prosegment has
to be complementary. It is then likely that the 190–198
region is an important element that differentiates
between these two subfamilies. 
Biological implications
Cysteine proteases belonging to the papain super-
family are important components of the lysosome and
are involved in intracellular protein turnover. They
have also been implicated in extracellular matrix pro-
tein degradation associated with many pathological
conditions, which makes them important targets for
inhibitor development. Like most proteases, they are
synthesized as inactive precursors with N-terminal
extensions that are potent and highly specific
inhibitors of their enzymatic activity. Although
inhibitors with sufficient potency are known, they
lack the required specificity for therapeutic applica-
tions. The structure of procathepsin B provides 
a detailed picture of the prosegment–enzyme inter-
actions and the mechanism of inhibition and should
stimulate new ideas for designing inhibitors with 
enhanced specificity. 
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As is the case for many other proproteases, the
prosegment disables the enzymatic activity by exten-
ding along the substrate-binding site and blocking
access to the active site. The distinguishing feature of
procathepsin B when compared with other proteases,
with the exception of some metalloproteases, is a
reverse direction of the prosegment in the substrate-
binding site relative to that taken by the substrate.
This is similar to the mode of binding of E-64, a 
potent, naturally occurring small inhibitor of cysteine
proteases, which rather than following the substrate-
binding mode mimics the binding mode of the pro-
segment. The prosegment has no globular structure
on its own and folds around catB, interacting with
three main areas: the substrate-binding cleft, the
occluding-loop crevice and the prosegment-binding
loop (PBL). The PBL provides a large, exposed,
partly hydrophobic surface that is enlisted by the
prosegment and used as an auxiliary binding site.
Such an extended area of interaction augments the
specificity of the prosegment for its parent protease. 
The utilization of a secondary site, remote from the
substrate-binding site, to significantly improve binding
and/or to augment the specificity of recognition has
been observed in other situations e.g. in cases of small
protein inhibitors binding to their targets. The well
studied example is that of hirudin binding to thrombin
[38] in which hirudin utilizes a secondary fibrinogen
binding exosite in addition to the substrate-binding
site to achieve extremely tight binding. This bi-func-
tional binding mechanism has been successfully
exploited in the design of potent inhibitors of thrombin
[39]. Similar approaches should lead to development
of potent and specific inhibitors of cysteine proteases. 
Materials and methods
Rat procathepsin B was expressed in the methylotrophic yeast Pichia
pastoris as an a-factor fusion construct in vector pPIC9 (Invitrogen Inc.,
San Diego, California) using the cDNA insert previously expressed in
Saccharomyces cerevisiae [15]. As the wild-type enzyme easily under-
goes self-processing, for crystallographic studies a mutation of the
active site Cys29 to serine was constructed. A second mutation,
Ser115→Ala, modified the N-glycosylation site NGS115 within the
occluding loop (108–122) to NGA115. That left only one N-linked
glycosylation site, on Asn21p of the prosegment. Sequencing the
cDNA showed that an additional difference from the published
sequence, Ala223 in place of Val, was present. This is likely to be a
naturally occurring polymorphism as alanine was also observed in the
original clone that was used in this work [40]. This replacement has no
effect on the activity of a wild-type catB, as was confirmed by reversing
this mutation (JSM, unpublished data). 
Recombinant procathepsin B has been crystallized [41] in the trigonal
space group P3121 with cell dimensions a=99.6, c=141.4 Å, g=120°
and contains two molecules in the asymmetric unit. The native data set
was collected at room temperature to 2.8 Å resolution on an R- Axis IIC
area detector placed on an RU-300 rotating anode generator. The
completeness of the data was 91%. The last data shell, 2.9–2.8 Å,
contained rather weak reflections, <I/s(I)>=1.7. The coordinates of
mature rat catB [26] (PDB code 1cte) were taken as a starting model.
The rotation function calculated in the resolution range 8–4 Å and with
the radius of 25 Å using the program AMoRe [42] had two peaks sig-
nificantly above background of nearly equal heights. The translation
function confirmed that each of these peaks corresponded to an orien-
tation of one of the two molecules in the asymmetric unit; in each case
a clear, unique solution was found with a correlation coefficient of 0.30
and an R factor of 0.46 for 8–3.5 Å data. Combining the two solutions
resulted in a correlation coefficient of 0.56 and an R factor of 0.374.
Rigid-body refinement performed with AMoRe increased the correla-
tion coefficient to 0.60 and reduced the R factor to 0.358. Further
refinement was conducted with the program X-PLOR including data
with I>s(I) in the 8–2.8 Å resolution range. The test set for calculations
of R free [43] consisted of 10% of randomly selected reflections. 
The electron-density map calculated at that stage clearly showed part of
the prosegment near the active site, but the density for the remaining
part was unclear. This map indicated, however, a general location of the
proregion and allowed the construction of a mask for the whole mol-
ecule. Several cycles of solvent flattening coupled with non-crystal-
lographic symmetry averaging (RAVE [44]) improved significantly the
electron-density map and most of the proregion could be traced. The
model rebuilding was done with program O [45]. The occluding loop,
which was removed from the original catB model, was built in a new
conformation into well-defined density, with the exception of the tip of
the loop where the side chain of Arg116 could not be located. During
all stages of refinement the non-crystallographic symmetry restraints
were applied. After one round of minimization the remainder of the
proregion, with the exception of the N terminus, was built. This model
was refined with all data (2.8 Å). Although the electron density at the
end of the carbohydrate-bearing Asn21p side chains is ambiguous,
there is a sufficient space around them in both molecules to accommo-
date the carbohydrate. The residues included in the model are 10p to
62p and 1 to 260. The current R factor for all data is 0.22 and R free is
0.27 (for data with I>2(I) the R-factors are 0.19 and 0.24, respectively).
The rms deviations for bond lengths and angles are 0.009 Å and 1.44°,
respectively. The model has been additionally checked with the program
PROCHECK [46] which showed that only one residue, Asn 222, is in a
disallowed region of the Ramachandran plot. This residue in the struc-
ture of catB [26], determined at 2.2 Å resolution, has similar f,c angles. 
The coordinates of rat procathepsin B have been deposited with the
Brookhaven Databank, accession number 1min.
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